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SUMMARY

The Advanced Fuels Campaign (AFC) within the US Department of Energy (DOE) Office of
Nuclear Energy is considering several advanced ceramic fuels for use in light water reactors (LWRS)
and/or advanced reactor concepts. Advanced fuels, such as uranium carbide (UC), uranium nitride (UN),
and uranium silicide (UsSiz) offer increased uranium density and enhanced thermophysical properties
compared to conventional UO- fuel, while maintaining an acceptably high melting point. Enhancements
to traditional UO; are also being considered that would increase the thermal conductivity of the fuel and
fission product retention through various additives. However, some of these advanced fuels have very
limited information available on their irradiation performance (microstructural evolution, swelling, fission
gas release, etc.), particularly for the range of temperature and burnup that are relevant for LWR fuel pins.
To address this issue, Oak Ridge National Laboratory has developed an experimental facility to irradiate
miniature fuel specimens in the High Flux Isotope Reactor (HFIR). The small size of the fuel specimens
simplifies the design, analysis, and post-irradiation evaluations. Post-irradiation examination will provide
basic data on the stability and behavior of advanced fuels as a function of temperature and burnup. This
report briefly summarizes the experiment facility design concept and the assembly of the first set of
experiments. The experiment contains six different types of UN-based fuel kernels UN TRISO particles
with varying densities, impurity levels, and burnable absorber contents. The experiments were successfully
assembled, welded, evaluated, and delivered to the HFIR along with a complete quality assurance
fabrication package. Pictures of the assembly process are included in this report. The experiment is planned
for insertion into the HFIR during cycle 480 (June 2018).



Irradiation of Miniature Fuel Specimens in the High Flux Isotope Reactor
June 28, 2018




Irradiation of Miniature Fuel Specimens in the High Flux Isotope Reactor

June 28, 2018 v
CONTENTS
SUMMALRY .ottt sttt seese et e £ e et et e st et e st e s e e R e e Rt e Re e Ee b e ne e s e st e Rt e Rt e Rt e ReeRenbente e et et eneenenreas iii
X0 @ N 1V USSR iX
ACKNOWLEDGMENTS ...ttt bbb b b bbbt b e bbbt st ns X
1. OBUECTIVE ... oottt sttt ettt e et e s e s et e e b et e s ae b e b et e st e s e eseeseatessesbenseneenneneas 1
2. INTRODUGTION ..ottt ittt ettt st be st et e esaeseeseebesaesbe s e e eneasaatesseateseesesenneas 1
3. EXPERIMENT ANALYSIS METHODOLOGY .....ccciiiiiiieieieisiesiesie e 2
3.1 EXPeriment deSign CONCEPL .......ccueveieiiiiiertisie sttt 2
3.2 NEULTONICS @NAIYSIS ...ttt bbb nen e 3
3.3 Thermal @NAIYSIS ......c.eiiiiiiie e 4
34 INILIAL TESE IMALFIX 1.ttt ettt sttt ettt bbb e ee e 5
4. EXPERIMENT ANALYSIS RESULTS ..ottt 6
4.1 Neutronics analySis FESUILS.........ciiiiieiiiii i s be e b s re e re e e sreers 6
4.2 Thermal @nalySiS FESUILS.......cc.eiiiie ettt sbe e re e be s re e e re e e srears 9
5. EXPERIMENT FABRICATION .. .ottt sttt st 12
5.1  SUD-CapSUIEs ASSEMBIY.......cciiiiiicice e et 12
5.2 Target ASSEMDIY ...ccueiiiiiciie et st r e pe e sr et e e b nre e re e 14
5.3 BasKet ASSEMDIY ..o 15
5.4  Fabrication Package and Delivery t0 HFIR .........ccoooiiiiiiiic e 16
6. SUMMARY AND CONCLUSIONS ... .ottt sttt e 17
7. REFERENCES ... ..ottt sttt ettt st et et et e s e e s e e beabenbeseeneneeneas 17

APPENDIX A. FABRICATION AND QUALITY ASSURANCE DOCUMENTATION FOR
EXPERIMENTS. ..ottt b et e bbbt e bt e e b e nr b e e nenne s A-1



Irradiation of Miniature Fuel Specimens in the High Flux Isotope Reactor

Vi June 28, 2018
FIGURES

Figure 1. Irradiation deSIgN CONCEPL. ....c.eeiuiiieieieeie st ettt sttt et e beste e s e sbesreeseesteeneeseeereeneenneas 3
Figure 2. 3-D solid model for a single irradiation target and the resulting finite element mesh with

)Y 1010 11=] {2 ST PPROTRPTPROTRPPRPR 4
Figure 3. Polished cross-sectional image of UN TRISO particle (left) and image of UN kernels

(TGN ettt sttt Rt e te R nte et et e Rt r e e Re e re et e Ee et neeereenrenne s 5
Figure 4. Heat generation rate (HGR) in titanium components vs. axial distance from the core

midplane (z) at beginning of cycle (BOC) and end of cycle (EOC). Exponential fits to

the calculated data are shown with goodness of fit parameter R2..........cccccovriieeneiiicneceennns 7
Figure 5. Heat generation rate (HGR) in the molybdenum tubes vs. axial distance from the core

midplane (z) at beginning of cycle (BOC) and end of cycle (EOC). Exponential fits to

the calculated data are shown with goodness of fit parameter R2............cccoovvvieeeesiiiencceennns 7
Figure 6. Calculated fuel fission rate (solid lines) and burnup (dashed lines) vs. number of HFIR

cycles for three different enrichment levels. Results are for fuel located at the core

midplane in radial targets oriented toward the HFIR COIe........c.cccecvviiiiiieiiiieiiccc e 9
Figure 7. EOC temperature contours (in °C) with peak fuel heating rates for a target loaded in an

inner radial position with six UN sub-capsules. Results show all target components

(top), a single center sub-assembly (middle), the fuel kernels from the center sub-

assembly (bottom left), and the temperature monitor from the center sub-assembly

(DOTEOM FIGNT). ...ttt b et n e 10
Figure 8. Design gas gaps between the sub-capsules and the target housing vs. axial distance from

the core midplane for inner radial target positions and outer radial target positions.................. 11
Figure 9. Fuel temperature vs. distance from the core midplane (z) for an inner radial target

position at beginning of cycle (BOC) and end of cycle (EOC). Error bars indicate the
extreme fuel temperatures at €ach [0CAtION...........c.ccceeiiiiii e 11

Figure 10. Fuel temperature vs. distance from the core midplane (z) for an outer radial target

position at beginning of cycle (BOC) and end of cycle (EOC). Error bars indicate the

extreme fuel temperatures at €ach [0CAtION...........c.ccceiiiii i 12
Figure 11. Sub-capsule part layout (top), kernel fuel inside a cup (bottom left), and TRISO

particle fuel inside a different cup (DOTOM FIGNT)........coveiiiiiiiii e 13
Figure 12. Top view of a loaded sub-capsule without its end cap (left) and welded sub-capsules

([0 L T ST TS TP PR UR PPN PPN 14
Figure 13. Parts layout for target assembly MFO1: individual parts layout (top) and assembly of

centering thimbles and sub-capsules (DOttOM)..........ccccvciiiiiciiiii e 14
Figure 14. Radiograph of targets MFOL and MFO2. .........ccoooiiiiiie e 15
Figure 15. Parts layout for the basket aSSembIY...........cooiiiiiiiiiie e 15

Figure 16. Insertion of a capsule in the basket assembly (left), and top-down view of the basket

after loading all targets (FIght). ... ..ooe o 16



Irradiation of Miniature Fuel Specimens in the High Flux Isotope Reactor

June 28, 2018 Vii
TABLES

Table 1. Materials and property references for thermal analyses. ..........cccoooiiriiiiineneici e 5

Table 2. Test matrix for first mini fuel irradiation eXPEriment. ..o 6

Table 3. Peak midplane heat generation rates at beginning of cycle (BOC) and end of cycle



Irradiation of Miniature Fuel Specimens in the High Flux Isotope Reactor
Viii June 28, 2018




Irradiation of Miniature Fuel Specimens in the High Flux Isotope Reactor

June 28, 2018

AFC
DOE-NE

EABD

HFIR
HGR
LWR
ORNL

PIE
PWR
QA
SiC
TRISO
UN
VXF

ACRONYMS

Advanced Fuels Campaign

Department of Energy,
Office of Nuclear Energy

Experiment authorization
basis document

High Flux Isotope Reactor
Heat generation rate
Light water reactor

Oak Ridge National
Laboratory

Post-irradiation examination
Pressurized water reactor
Quality assurance

Silicon carbide
Tri-structural isotropic
Uranium nitride

Vertical experiment facility



Irradiation of Miniature Fuel Specimens in the High Flux Isotope Reactor
X June 28, 2018

ACKNOWLEDGMENTS

This work was supported by the US Department of Energy Office of Nuclear Energy (DOE-NE)
Advanced Fuels Campaign (AFC). Neutron irradiation in the High Flux Isotope Reactor (HFIR) is made
possible by the Office of Basic Energy Sciences, US DOE. The report was authored by UT-Battelle under
Contract No. DE-AC05-000R22725 with the US DOE. Alicia Raftery and David Bryant performed most
of the capsule assembly work. Joel McDuffee and Josh Peterson-Droogh performed reviews of the thermal
and neutronic calculations that support this work.



Irradiation of Miniature Fuel Specimens in the High Flux Isotope Reactor
June 28, 2018 1

1. OBJECTIVE

The objective of this work is to initiate the first series of miniature fuel specimen irradiations in
the High Flux Isotope Reactor (HFIR) to facilitate rapid and cost-effective irradiation of novel fuel
concepts. This first experiment will provide basic data on the irradiation performance of uranium nitride
(UN) fuel kernels at relevant light water reactor temperatures.

2. INTRODUCTION

Qualification of new nuclear fuel materials requires a scientific understanding of fuel behavior
including irradiation performance. Traditionally, irradiation performance data has been acquired through
many integral fuel irradiation experiments where full-size fuel pellets are tested under conditions that
closely match those of the intended application. While this approach is logical, it is very expensive and time
consuming, particularly when considering a large test matrix that could include variations in fuel centerline
temperature, burnup, and power history or variations in the fuel itself such as composition, enrichment,
grain size, impurities, or non-stoichiometries. Furthermore, the large number of variables that affect fuel
performance make it difficult to develop fundamental models of various phenomena from integral fuel tests,
which often have many independent variables that cannot be well-controlled. Therefore, there exists a need
to be able to perform well-controlled separate effects irradiation testing of a wide range of new fuel concepts
within a reasonable time and cost. Ideally these tests would be accelerated to accumulate burnup quickly.
In addition, the testing platform should be flexible so that a range of fuel composition, enrichment, and
even geometry can be tested without requiring detailed designs and analyses that are specific to each fuel
concept.

This work reports on the successful implementation of a new capability for performing accelerated
separate effects irradiation testing of miniature (“mini”) fuel specimens in the HFIR at Oak Ridge National
Laboratory (ORNL). The design concept places the mini fuel specimens inside individually sealed sub-
capsules inside steel targets in the reflector of the reactor. Temperature is controlled by sizing an insulating
gas gap between the sub-capsules and the target housing. Reducing the size of the fuel allows for very high
fission rates (on a per unit mass basis) without prohibitively large temperature gradients. Furthermore, the
small fuel mass results in the total heat generated in each sub-capsule being dominated by gamma heating
in the structure instead of fission in the fuel itself. This essentially decouples the fuel temperature from the
fission rate. This work describes the design concept, neutronic and thermal analyses, and the fabrication,
assembly, and delivery of the first set of experiments tested in the HFIR.
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3. EXPERIMENT ANALYSIS METHODOLOGY

3.1 Experiment design concept

Three-dimensional (3D) models of the experiment facility and an irradiation target are shown in
Figure 1. The irradiation facility can accommodate as many as nine irradiation targets that are cooled at
their outer surface by the reactor primary coolant. The irradiation facility is oriented so that the notch in
the basket is pointed toward the reactor core. This allows for two of the three radial positions (positions 2
and 3) to be positioned at the same radial distance from the reactor core. These positions are expected to
receive essentially the same neutron flux and gamma heating. Radial position 1 faces away from the core.
Three targets are stacked vertically in each of the three radial target positions. Axial target positions 1, 2,
and 3 correspond to the bottom, middle, and top positions, respectively. Each target contains six sealed
titanium sub-capsules, each of which contains either four bare fuel kernels or six TRISO particles inside a
molybdenum cup. Thimbles on either end of the sub-capsules insure centering of the sub-capsules within
the target housing. Compression springs at both ends of the target housing keep the stacked parts in good
contact. The sub-capsules each contain fuel specimens and SiC passive thermometry. The fuel specimens
are surrounded by the molybdenum cup and tube to prevent chemical interaction with the titanium sub-
capsule. A small hole in the sub-capsule end cap is used to perform the final seal weld of the sub-capsule.
Temperature is controlled by varying the composition and size of the gas gap between the sub-capsule and
the target housing. This gap depends primarily on gamma heating in the sub-capsule assembly
components. The SiC thermometer is used to evaluate the irradiation temperature post-irradiation using
dilatometry [1]. Experiments are irradiated in inner small vertical experiment facilities in the HFIR
reflector. This first set of experiments were designed for an irradiation temperature of 500°C.
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Figure 1. Irradiation design concept.

3.2 Neutronics analysis

Neutronics calculations are carried out to assess neutron and gamma heating rates in the fuel and
capsule components to provide input to subsequent thermal analyses, as well as to generate initial fuel
irradiation behavior predictions in terms of the fuel burnup profile. This is accomplished using the MCNP5
and SCALE software code packages. The MCNP calculations are based on existing beginning and end of
cycle models [2] of the HFIR with cycle 400 experimental loading with some modifications to represent
the new experimental assembly. The heat generation evaluation must account for contributions from
fission neutrons (prompt and delayed), prompt fission photons, delayed photons from fission product
decay, o and B decay heat, and photon heating from local activation product decay. Prompt fission neutron
and photon heating is calculated directly from MCNP transport simulations using an established fission
neutron source distribution definition (with both neutron and photon tracking activated to implicitly yield
an appropriate fission photon source distribution) [3]. Heat generation from these sources is then tallied in
all experiment components. To account for heat generation from fission product decay photons originating
in the HFIR fuel, a separate calculation is performed with a fixed photon source distribution definition
reflecting the gamma emission rate and spectrum due to these accumulated fission products [3]. Activation
and decay calculations are carried out using the ORIGEN module of the SCALE code package. Problem-
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specific ORIGEN cross section data are generated with the COUPLE cross section processing module
using 238-group neutron flux tallies from MCNP, enabling extended irradiation calculations with
ORIGEN. These calculations yield local alpha and beta decay heating from activation products, as well as
activation product gamma emission rates and spectra. This latter information is used to construct a local
activation gamma source distribution definition for a final MCNP calculation assessing heat generation in
the experimental capsule components from this photon source.

This methodology is implemented as described above for a thorough assessment of heat
generation, burnup accumulation, and fission gas production for the first cycle of irradiation. These
procedures may be extended with some modifications to assess later cycles of irradiation as well.
Specifically, a Python script is employed to automate the coupling of flux magnitude and spectral results
from MCNP to ORIGEN for depletion and decay assessment, followed by updating the MCNP models
using the isotopics determined from ORIGEN [3]. In this manner, the irradiation experiment may be
simulated for multiple cycles (currently up to 30); however, challenges remain with respect to reconciling
the necessary computational time and rigor with the statistical reliability of the results. Efforts are
underway to ameliorate these uncertainties by simplifying the temporal structure of the transport-depletion
coupling sequence, generating reliable fixed representative cross section data, and by comparison against
the SHIFT stochastic transport code. However, regardless of the precision of long-term burnup predictions,
scoping studies have indicated that for fuel with the maximum allowable 2**U enrichment (2.5 wt%), fuel
heat generation decreases monotonically with increasing burnup. Therefore, fuel heat generation rates at
the beginning of the first irradiation cycle are sufficient to bound the thermal design of the experimental
assembly.

3.3 Thermal analysis

Thermal finite element calculations are performed using the ANSYS software code package with
custom macros for determining thermal contact conductance between components and heat transfer
through small movable (due to thermal expansion) gas gaps [4]. Figure 2 shows the CAD model for a
single irradiation target and the resulting mesh after importing into ANSYS and applying ¥-symmetry.
Minor components such as the target end caps, compression springs, fillets, and welds were removed. The
remaining features were meshed with 20-node 3-D thermal solid elements with a nominal mesh size of 0.4
mm.

Figure 2. 3-D solid model for a single irradiation target and the resulting finite element mesh with %-
symmetry.
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Internal heat generation is applied to all components using the heat generation rates calculated in
section 4.1. A convection boundary condition is applied to the outer surface of the target housing. Values
of 44.8 kW m™2 K™! and 58°C were used for the convection heat transfer coefficient and bulk coolant
temperature, respectively. These numbers were determined using RELAPS for a previous fueled VXF
irradiation experiment using the same facility. While the effects of fuel swelling and fission gas release
are not considered in the thermal analyses, these effects are not expected to be significant since the fuel
specimens are small (~0.3 mm?®), and heat is primarily transferred via conduction from the bottom of the
fuel specimens to the cup and then through the sub-capsules. The effects of thermal expansion are
considered in the thermal contact conductance. The sub-capsule outer diameters and the fill gas can be
varied to achieve the desired fuel temperatures.

Temperature-dependent material properties are used for all materials. Dose (or burnup)-dependent
properties are used for SiC and UN. Some properties of the fuels also include porosity dependence. Table
1 summarizes the materials that are included in the thermal model and the references used for the material
properties.

Table 1. Materials and property references for thermal analyses.

Material Components Property references
Titanium Sub-capsules, centering thimbles | [5-7]

Silicon carbide Thermometry [6, 8]

304 stainless steel | Target housings [6, 9]

Molybdenum Tubes, cups [6, 7]

UN Fuel kernels [10-15]

Grafoil Insulators [16]

3.4 Initial Test Matrix

This first mini fuel experiment will test UN fuel in the form of bare kernels and TRISO particles.
Images of UN kernels and a UN TRISO particle are shown in Figure 3. The test matrix is summarized in
Table 2. All fuel uses either natural or depleted uranium. For the kernels, several different carbon impurity
levels and kernels densities are included. Some kernels include burnable absorbers (Gd) with varying
absorber content. More details regarding the fuel fabrication can be found in previous work [17, 18].

Figure 3. Polished cross-sectional image of UNTRIO particle (left) and image of UN kernels (right).
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Table 2. Test matrix for first mini fuel irradiation experiment.

Fuel form

Kernel theoretical

235 Enrichment

Target burnup

density (wt %) (% FIMA)
UCo.20No.s0 kernels 94.9% 0.22%
UCo.15No.ss kernels 90.6% 0.71%
UCo,zoNo,so kernels 90.9% 0.22%
U0.89Gd0.11Co.11No 89
kernels 92.0% 0.71% 1%, 6%
Uo.gsGSo.ozco.lsNo.ss 93.6% 0.71%
ernels
UCo.zoNo.fao TRISO 87 2% 0.22%
particles
4, EXPERIMENT ANALYSIS RESULTS

4.1 Neutronics analysis results

Figure 4 and Figure 5 show predicted heat generation rates (HGRs) in the titanium components
and the molybdenum tubes as a function of distance from the core midplane (z). Results are shown for the
two radial target positions that face toward the HFIR core. Results are shown at beginning of cycle (BOC)
and end of cycle (EOC) along with an exponential fit to each data set. Table 3 summarizes peak heating
rates at the axial midplane of the core (the center axial target position) for all materials at BOC and EOC.
Structural heat generation rates increase by 10—15% from BOC to EOC.
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Figure 4. Heat generation rate (HGR) in titanium components vs. axial distance from the core midplane
(z) at beginning of cycle (BOC) and end of cycle (EOC). Exponential fits to the calculated data are shown
with goodness of fit parameter R2.
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Figure 5. Heat generation rate (HGR) in the molybdenum tubes vs. axial distance from the core midplane
(2) at beginning of cycle (BOC) and end of cycle (EOC). Exponential fits to the calculated data are shown

with goodness of fit parameter R?.
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Table 3. Peak midplane heat generation rates at beginning of cycle (BOC) and end of cycle (EOC).

Component Peaggecat ger]eratitl)zno (é:N/g)
UN fuel with 0.22% 235U 156.3 + 0.5¢
Stainless steel target 452+0.10 | 492+0.12
Titanium sub-capsules and 4.87+£0.18 | 544 +£0.22
centering thimbles

Molybdenum cup 5.83+£0.53 | 6.49£0.60
Molybdenum tube 6.07+0.29 | 6.75+£0.34
Silicon carbide thermometry | 3.98 +0.28 | 4.35+0.31
Grafoil 3.99+0.37 | 4.38+0.42
! Maximum heat generation rate over all cycles. Figure
6 shows how the fuel heating rate varies over time.

The fuel heating rate changes significantly over time due to burnup of the initial 25U and breeding
of fissile Pu isotopes. Figure 6 shows UN fuel fission heating rates and accumulated burnup (in percent
fission of initial metal atoms, or FIMA) vs. the number of HFIR cycles for depleted uranium (0.22% 2%U),
natural uranium (0.73% 2*°U), and low-enriched uranium (2.5% 2%*U). The calculated fuel heating rates
and burnup use spatially-dependent total neutron flux and effective 1-group cross sections calculated from
a highly rigorous MCNP run at the midpoint of the first irradiation cycle. This approach minimizes
statistical uncertainties in the inputs to the depletion analysis, which assumes that the total neutron flux
and the neutron flux energy spectra do not change significantly from cycle to cycle. This assumption seems
reasonable given the small size of the fuel, which limits the impact of fuel transmutation on the neutron
flux energy spectrum. Fuel heating rates do not change significantly after 5—7 cycles when an equilibrium
is reached between breeding and burning of Pu isotopes and the majority of the 2%U has been burned.
Based on these results, it is anticipated that LWR discharge burnups of 6% FIMA can be achieved within
16 irradiation cycles, and that lesser burnups of 1% FIMA can be achieved within 4 cycles for fuel with
depleted uranium. These predictions are to be compared against explicit long-term depletion calculations
using the SHIFT code.
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Figure 6. Calculated fuel fission rate (solid lines) and burnup (dashed lines) vs. number of HFIR cycles
for three different enrichment levels. Results are for fuel located at the core midplane in radial targets
oriented toward the HFIR core.

4.2 Thermal analysis results

Figure 7 shows temperature contours for a target containing UN fuel kernels with depleted
uranium. These temperatures were calculated using EOC structural HGRs and peak fuel heating rates. The
fill gas is a 40.5% He, Ar balance mixture. Despite the accelerated nature of the testing (i.e., high fuel
fission rates), the temperature gradients in the fuel are relatively low (22°C) because of the small fuel size.
The passive SiC temperature monitors have an average temperature of approximately 480°C (~70°C lower
than the fuel temperatures) with temperature gradients of only 4°C. The passive SiC temperature monitors
will be used to confirm the irradiation temperatures.



Irradiation of Miniature Fuel Specimens in the High Flux Isotope Reactor
10 June 2018

565 Max
544
523
502
481
460
439
418
397
376 Min

564 Max
544
524
504
484
464
445
425
405
385 Min

[

564 Max 483 Max
561 483
559 482
556 482

554 481
552 481

549 481

547 480

544 480

542 Min 479 Min

Figure 7. EOC temperature contours (in °C) with peak fuel heating rates for a target loaded in an
inner radial position with six UN sub-capsules. Results show all target components (top), a single center
sub-assembly (middle), the fuel kernels from the center sub-assembly (bottom left), and the temperature

monitor from the center sub-assembly (bottom right).

Because the target temperature for all fuel specimens is approximately 500°C and there exist
significant spatial gradients in the HGRs, the sub-capsule-to-housing gas gaps are adjusted to keep all fuel
temperatures approximately the same. Figure 8 shows the design gas gaps vs. axial position for both inner
radial target positions and outer radial target positions. Figure 9 and Figure 10 show the calculated
temperatures for all fuel specimens at BOC with the minimum expected fuel fission rate and at EOC with
peak fuel fission rates. The error bars in these figures indicate the maximum and minimum temperatures
of the fuel at each location. The BOC and EOC cases that were evaluated cover the entire range of fuel
temperatures that are expected during the experiment. All fuel temperatures remain within 75°C of the
500°C design temperature with most fuel temperatures remaining within 50°C.
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Figure 8. Design gas gaps between the sub-capsules and the target housing vs. axial distance from the
core midplane for inner radial target positions and outer radial target positions.
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Figure 10. Fuel temperature vs. distance from the core midplane (z) for an outer radial target position at

beginning of cycle (BOC) and end of cycle (EOC). Error bars indicate the extreme fuel temperatures at
each location.

5. EXPERIMENT FABRICATION

5.1 Sub-capsules Assembly

A total of 12 sub-capsules were assembled. The parts layout for one sub-capsule is shown in Figure
11. The top image in the figure shows, from left to right, the cup (located inside a handling device that is
not part of the assembly), the sub-capsule, the tube, the end cap, the thermometry, and the insulator disks.
The bottom left image shows 6 UN kernels loaded inside one fuel cup. The bottom right image shows 4
UN TRISO particles loaded inside a different fuel cup.

Once the fuel specimens were placed in the cup, the sub-capsule was loaded with the cup and the
molybdenum tube containing the thermometry. Figure 12 shows a top view of a loaded sub-capsule:
insulator disks are placed above the tube and the thermometry is visible at the center of the sub-capsule.
The signed sub-assembly fabrication request forms are provided in Appendix A.
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Figure 11. Sub-capsule part layout (top), kernel fuel inside a cup (bottom left), and TRISO particle fuel
inside a different cup (bottom right).

All sub-capsule components were dimensionally inspected and cleaned according to HFIR-
approved procedures, drawings, and sketches. After assembly of the internal components, all sub-capsule
end caps were welded to the sub-capsule bodies using an electron beam weld. The sub-capsule assemblies
were then placed inside sealed containers that were evacuated and backfilled with ultra-high-purity helium
three times to ensure a pure environment. The containers were placed inside a glove box, which was also
evacuated and backfilled with the same gas used in the sealed containers. Each sub-capsule end cap has a
small hole that was seal-welded using a gas tungsten arc welding procedure. All welds passed visual
examination. Each sub-capsule was then sent for nondestructive examination, which included a bubble
test and a helium leak test. All assemblies passed the nondestructive examination.
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5.2 Target Assembly

A total of 2 targets, each containing 6 sub-capsules were assembled. The parts layout for one target
assembly is shown in Figure 13. As shown in this figure, the target bottom end cap was welded to the

target housing prior to loading the sub-capsules. The signed capsule fabrication request forms are provided
in Appendix A.

Fig.:ure 13. Parts layout ortarget éééiy MFOL: individalr"a'rts Iayot (top) and assembly of cnterlng
thimbles and sub-capsules (bottom).

All target components were dimensionally inspected and cleaned according to HFIR-approved
procedures, drawings, and sketches. After loading the sub-capsules, centering thimbles, and compression
springs, the target top end caps were orbital welded to the target housing. The targets were then placed
inside a sealed container that was evacuated and backfilled with an ultra-high-purity helium/argon gas
mixture three times to ensure a pure environment. The containers were placed inside a glove box, which
was also evacuated and backfilled with the same gas used in the sealed container. Each target assembly
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has a small hole in the top end cap that was seal-welded using a gas tungsten arc welding procedure. All
welds passed visual examination. Each target assembly was then sent for nondestructive examination,
which included a helium leak test, hydrostatic compression at a pressure of 1,035 psi, mass comparisons
before and after hydrostatic compression to ensure no water penetrated the target assembly, another post-
compression helium leak test, dye penetrant inspection, and radiographic inspection (see Figure 14). All
target assemblies passed the nondestructive examination.

Figure 14. Radiograph of targets MFO1 and MF02.

5.3 Basket Assembly

The irradiation targets must be loaded into a basket assembly to keep the targets centered within
the flow channel in the HFIR small vertical experiment facility. A total of 9 targets were assembled inside
the basket with the configuration shown in Figure 1. For this experiment, only two fueled targets (MFO1
and MF02) were included. The remaining seven targets (D01 through D07) were stainless steel dummies.
Figure 15 shows the parts layout for the basket assembly including the fueled targets, dummies, and the
basket itself. Figure 16 shows the insertion of a target in the basket assembly as well as a top-down view
of the basket prior after loading all targets. The signed assembly fabrication request form is provided in
Appendix A.

Figure 15. Parts layout for the basket assembly.
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Figue 16. Insertion of a capsule in the basket assembly (left), and top-down view of the basket after

b

loading all targets (right).

Fabrication Package and Delivery to HFIR

Each irradiation experiment requires a fabrication package that is reviewed by an independent

design engineer, a lead quality assurance (QA) representative, and a HFIR QA representative before
acceptance for insertion into the HFIR. The fabrication package must satisfy the requirements of the
experiment authorization basis document (EABD). The irradiation of miniature fuel specimens experiment
falls under document EABD-HFIR-2018-001. This document specifies several requirements that the
rabbits must satisfy in the areas of

thermal safety analyses,
material certification,
dimensional inspection,
cleaning,

assembly procedure,
sample loading,

fill gas,

welding, and
nondestructive evaluation.

The fabrication package for the basket assembly MFA was reviewed and approved by all parties

and accepted by HFIR on May 29, 2018. The final signed acceptance page of the EABD is provided in
Appendix A. The basket assembly was inserted during HFIR cycle 480 (June 2018).
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6. SUMMARY AND CONCLUSIONS

This report summarizes the design concept and the fabrication of the first series of miniature fuel
irradiation experiments supported by the Advanced Fuels Campaign. This first experiment was successfully
assembled and delivered to the HFIR for insertion during cycle 480 (June 2018). The experiment contains
six different types of UN-based fuel kernels UN TRISO particles, which will be evaluated post-irradiation
to determine swelling, fission gas release, and microstructural evolution. The sub-capsules, targets, and
basket were successfully assembled, welded, evaluated, and delivered to the HFIR along with a complete
QA fabrication package. Pictures of the assembly process are included in this report. Documentation of the
experiment fabrication and final acceptance by the HFIR is provided in an appendix. The data that will be
obtained from post-irradiation examination of the irradiated specimens will help support the evaluation of
new fuel concepts for commercial applications to ultimately improve the accident tolerance and economics
of LWRs.
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DOCUMENTATION FOR EXPERIMENTS



Irradiation of Miniature Fuel Specimens in the High Flux Isotope Reactor

A-2 June 2018
Basket ID: MFA Approvals
Request Build
Irradiation Conditions Performed by: i . : 3lep
Small VXF Position VXF-15 Chace Ed_,’:;f,/ %
Initial cycle 479 Checked by: 2202 o 2/36/18
Assembly Drawing X3E020977A725, Rev. 1 Sieans |Alretioaley
Basket Loading
Component Drawing Rev.| Part| Material | Count Comment MAT IR [FAB IR 1D Mass (g)
Basket center section X3E020977A729| 2 1 | Al6061 1 18193°| 20814 MFA 1612.60
Orifice X3E020977A674| 1 1 | Al6061 1 20816° (20816 18-01 175.66
Support web X3E020977A729| 2 2 | 304Ss 1 19575-[°20815 18-01 35.61
Dummy flux monitor Al 6061 3 1" 01 15.69
X3E020977A722| 2 5 19348 | 20819 02 15.68
03 15.69
Dummy capsule 4 | 304 SS 1 R-A=1-1 20813°('20813 DO1 186.46
Dummy capsule 4 | 304 SS 1 R-A=1-2 20813 | 20813 D02 186.40
Dummy capsule 4 | 304 SS 1 R-A=1-3 20813 | 20813 D03 186.66
Dummy capsule 4 | 304 SS 1 R-A = 2-1 20813 | 20813 D04 186.17
Experiment capsule assembly |X3E020977A722| 2 1 N/A 1 R-A =2-2 N/A 20820 MFO1 125.98
Dummy capsule 4 | 304 SS 1 R-A =2-3 20813 | 20813 D05 186.68
Dummy capsule 4 | 304 SS 1 R-A = 31 20813 [ 20813 D06 186.73
Experiment capsule assembly 1 N/A 1 R-A=3-2 N/A | 20820 MF02 126.06
Dummy capsule 4 | 304 SS 1 R-A=3-3 20813 | 20813 D07 186.21
Total Mass| 3428.29
R = Radial A= Axial Temperature
Capsule Number cycles Dummy? Fill gas 1st cycle .
position position (c)
D01 1 1 16 YES N/A 479 600
D02 1 2 16 YES N/A 479 600
D03 1 3 16 YES N/A 479 600
D04 2 1 16 YES N/A 479 600
MF01 2 2 3 NO 40.5% He, Ar bal 479 600
D05 2 3 16 YES N/A 479 600
D06 3 1 16 YES N/A 479 600
MF02 3 2 16 NO 40.5% He, Ar bal 479 600
D07 3 3 16 YES N/A 475 600
R=1
3 D03
HFIR core HFIR core HFIR core
midplane 2 D02 midplane 2 MFO1 midplane 2 MF02
1 DO1 1 D04 1 D06
A= A= A=
Axial Axial Axial
target target target
position position position



Capst

~ “abrication Request Sheet

Target ID: MFO1
Irradiation Conditions Approvals
Irradiation Location (R, A) 2 2 Request
Number cycles 3 Performed by: Chs .5‘1; -
First Cycle Goal 479 ' ¢ 3154
Fill Gas 40.5% He, Ar bal Checked by:
Irradiation Temp 600°C “%;-w
A drawing X3E020977A722, Rev. 2
Capsule Fabrication
Component Drawing Rev.|Part| Material| Count| C MAT IR |FAB D Mass
outer tube X3E020977A520 | A | 2 [3048S| 1 20789 °|'20789 17-01 54,1860
Capsule bottom end cap X3E020977A520 | A | 3 [304SS| 1 2079020790 17-01 8.3650
Capsule top end cap X3E020977A520 | A | 4 [3048S| 1 20791°["20791 17-01 16.0540
Spring o 04ss| o 1 0.2610
X3E020977A722 | 2 | 3 20810 | 20810 5 55820
Centering thimble Ti-6AI4V] . . 18-01 0.1746
18-02 0.1708
18-03 0.1724
X3E020977A722 | 2 | 2 7 20803 | 20803 18-04 0.1712
18-05 0.1713
18-06 0.1700
18-07 0.1747
Holder assembly N/A 2-2-6 e]e H26-01 7.5800
225 H27-01 7.6321
S17-13-CER_FUEL| 1 | 1 6 224 NA [20821] H27:02 | 76217
2-2-3 H27-03 7.6212
2-2-2 H27-04 7.6335
2-2-1 H25-01 7.5530
ESTol
Holder Sub-Assemblies
S = Sub-Assembly R-A-S Holder
HoklerID Position (R = Radial target position, A = Axial target position) | diameter (mm)| "™t/
H26-01 6 6 226 9.46 R
H27-01 5 5 225 9.49
H27-02 4 4 224 9.49 R
H27-03 3 3 223 949 |nx
H27-04 2 2 222 9.49 AR
H25-01 1 1 2-21 9.45 R~

"

Date .

of 1
42018
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Capst ~ Fabrication Request Sheet - Pl of 4
Dal 2018
Target ID: MFO1
Irradiation Conditions ___Approvals
Irradiation Location (R, A) 2 2 Request Build
arber s T i Moo S50
Ao = (v hie 3-9-3 ]
Fil Gas 40.5% He, Ar bal Checked by: E LA g -12-8
600°C ] M
Holder assembly drawing $17-13.CER_FUEL Rev. 1 o
Holder Assembly | Component IDs for each holder ID Component mass (g) for each holder ID
Component Drawing | Rev.| Part|Material| MAT IR|FABIR| S=1] S=2 [ S=3 [ s=4 [ s=5 [ 5=6 | 5=1] s=2] 5=3 | s=4 ] 5=5 | s=6 | Au
Holder $17-14-CER FUEL] 1 | 1 [Ti-6Av] 20808 | G080 | H25-01 | H27-04 | H27-03 | H27-02| H27-01 | H26-01] 35578 | 3.5878 | 3.6087 | 35082 | 3,599 | 35639 | 215189
End $17-14-CER_FUEL] 1 | 2 [Theauv] 20807 20805 | 1801 | 18-02 | 1803 | 18-04 | 1805 | 18-08 | 0.2242 | 0.2246 | 0.2241 | 0.2230 | 0223 | 0.2238 | 13429
Tube §17-13-CER FUEL] 1 | 2 | Moly | 20617| 20806 1801 | 18-02 | 1803 | 16-04 | 18-05 | 18-06 | 2.3336 | 3.3509 | 3.3185 | 3.3308 | 3.358 | 3.3801 | 20.0604
$17-13.CER FUEL| 1 | 3 | sic | 19507 20802] 1 2 3 4 s 13| 0.0436 [ 0.0436 | 0.043 | 0.0431 | 0.042 | 0.0434 | 0.2586
Insulstor disks (it total # and mass) | S17-13-CER_FUEL] 1 | 4 | Grafol | 1981215812 5 5 5 5 B 5 | 0012 | 0012 | 0012 [ 0012 | 0012 | 0012 | oor2
Disk fuel dish §17-26-CER FUEL] 1 | 2 | Moly [2061¢|20808] NA | WA | NA | NA | NA [ NA | NA | NA | NA | NA | NA | NA | 0
Disk fuel specimen $17-26-CER FUEL] 1 | 3 [ vo2 [20818|20818] WA | WA | NA | NA | NA | NA | NA | NA | NA | NA | NA | NA | 0
Bare kemel fuel dish 817-24-CER FUEL] 1 | 2 | Moly |20617|"20807 | 18-01 | 1802 | 1803 | 1604 | 1805 | WA | 03977 | 0.3048 | 0.3993 | 0.3701 | 0.375 | WA | 19458
Bare kemel fuel specimen UN of t[_at [ B [ e | ot | et | wA [0.0038] 0.0034 | 0.0023 | 0.0045 | 0.0040| Na | o018
A2 | B2 | c2 | p2 | E2 | NA [00036 [ 00033 | 0.0029 | 0.0043 | 0.0040| WA | o018t
A ) 20811 | 208122 | 8 | ©3 | os | Es | wa [00038] 00032 00027 o.00e1] oooes | N | ootes
A | B4 [ ca | pe | E« | wA | 00032 0.0032] 0.0028 | 0.0040 | 0.0042| A | 00174
As | 85 [ o5 | os | Es | WA | 0.0034 00028 | 0.0026 | 0.0040 | 0.0063| NA | 00171
a8 | B8 [ cs | Ds | Es | A | 00035 | 0.0027 [ 0.0028 | 0.0041 | 0.0039| wA | o017
Coated partcle fuel dish s17-27-CER FUEL] 1 | 2 | Moy |20617[20808] na | wa | A [ N | NA [1801| NA | NA | NA | NA | NA | 02272 oa2n2
(Coated partcle fuel specimen UN s NA | NA [ wa [ wa [ na [ F1 [ nA | WA | NA | WA | NA | 00080 0008
siarcerrueL| 1 | 3 2081220812 WA | NA | nA [ wa [ WA | F2 | NA | NA | NA | NA | NA | 000s8 | ooose
208\ NA | NA | na [na [ NA [ Fs [ NA | NA | NA 0.0085 | 0.005
NIA NIA NA | NA | NA NA 0053
(¥ 4.2 Toia
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Capst Fabrication Request Sheet PRI bt
Target ID: MF02
Irradiation Conditions Approvals
Irradiation Location (R, A) 3 2 Req Build
Number cycles 16 [Performed by: | Chwis iz 3/HE |
First Cycle Goal 479 3-S-8 q
Fill Gas 40.5% He, Ar bal Checked by: gl (Btisy 34512
I Temp 600°C < 3 Jusan ’
A y drawing X3E020977A722, Rev. 2
Capsule Fabrication
Component Drawing Rev.|Part| M: Count| C MAT IR |[FAB IR| D Mass (g).
Capsule outer tube X3E020977A520 | A | 2 [304sS| 1 20789 | 20789 17-02 54.5260
Capsule bottom end cap X3E020977A520 | A | 3 [304ss| 1 20790 | 20790 17-02 8.3910
Capsule top end cap X3E020977A520 | A | 4 [304ss| 1 20791 | 20791 17-02 15.9490
Spring E020077A722 | 2 | 3 [304SS 2081 10 3 £.a500
- * [ 4 0.2640
Centering thimble Ti-BAI4V 18-08 0.1718

18-09 0.1648
18-10 0.1736

X3E020977A722 | 2 | 2 7 20803 | 20803 18-11 0.1708
18-12 0.1650
18-13 0.1677
18-14 0.1727
Holder assembly N/A 326 H26-02 7.5657
3-2-5 H27-05 7.6064
$17-13-CER_FUEL| 1 | 1 8 324 N/A |20821| H27-06 | 7.6039
3-2-3 H27-09 7.5982
322 H27-08 7.5948
3-2-1 H25-02 7.5202
__Total Mass|]
Holder Sub-Assemblies
| S = Sub-Assembly R-A-S Holder
Holder ID Position (R = Radial target position, A = Axial target position) | diameter (mm) tolkial
H26-02 6 6 326 9.48 R
H27-05 5 5 3.25 9.49 DR
H27-06 4 4 324 9.49 =
H27-09 3 3 323 949 ™R
H27-08 2 2 32-2 949 [ =
H25-02 1 1 3241 9.45
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Capst* Fabrication Request Sheet x g A

Target ID: MF02
Irradiation Conditions ___Approvals
Irradiation Location (R, A) $ 2 ____Request Build
Number cycles 16 Performed by: . . ) A l;’ 3‘\5—[&
First Cycle Goal 479 Oiviin, iltie %-1-'8 ‘p' Al LW M
Fil Gas 40.5% He. Ar bal Checked by: &_3_,}_,3
, pe 4 d2223, 39
-~
Holder assembly drawing $17-13-CER FUEL, Rev. 1
Holder Assem! Component IDs for each holder ID Component mass (g) for each holder ID
Component _Drawing __ |Rev.|Part|Material[MAT IRIFABIR| S=1 | S=2 | §=3 | S=4 | S=5 | S=6 | S=1 | $=2 | s=3 | s=4 | =5 | s=6 | A
Holder $17-14-CER_FUEL| 1 | 1 [TH8AI4V]| 20803 ['20804 | H25-02 | H27-08 | H27-09 | H27-06 | H27-05 | H26-02| 3.55 | 3.5032 | 3.5017 | 3.5054 | 2591 | 2.5852 | 21.4867
End $17-14-CER FUEL| 1 | 2 |Ti-8AI4V| 20803 ['20805| 18-07 | 18-08 | 1809 | 18-10 | 18-11 | 18-12 [ 0.2230 | 02233 0.2242 | 0.2237 | 0.224 | 0.2243 | 1.3428
Tube $17-13-CER_FUEL] 1 | 2 | Moly | 20811 ["20806( 18-07 | 18-08 | 18-09 | 18-10 | 18-11 | 18-12 | 33363 | 33374 | 2.3377 | 3.3238 | 3.326 | 3.3271 | 19.9088
Thermometry $17-13-CER FUEL] 1 | 3 | sic | 19502 20802] 7 8 9 10 11 12 | 0.0434 | 0.0428 | 0.0434 | 0.0428 | 0,043 | 0.0433 [ 0.2580
|insutator disks (ist total # and mass) [S17-13-CER_FUEL| 1 | 4 | Grafoil | 19812 19812] 5 5 5 5 § | 0012 ] 0012 | 0012 | 0.012 | 0.012 | 0012 | 0072
Disk fuel dish S17-26-CER FUEL] 1 | 2 | Moly | 20611 20808 NA | WA | NnA | wa | na | na | wa [ na | Na | na | na | A 0
Disk fuel specimen S17-26-CER FUEL] 1 | 3 | UO2 |20818(20818| NA | NA | NA | na | na | na | na | na [ wva | nva | Na | N 0
Bare kemel fuel dish S17-24-CER FUEL] 1 | 2 | Moly | 20811 (20807 | 18-06 | 18-07 | 1808 | 1808 | 18-10 | A | 03703 | 03772 03758 | 0.3784 | 0.376 | NA | 1.8842
Bare kemel fuel specimen UN A7 B7 c7 o7 E7 | NA [00035 | 0.0034 | 0.0028 | 0.0041 | 0.00s0| nA | 0.0179
A8 88 c8 D8 E8 | NA | o003 0.0033 | 0.0042 | 0.0033 | NA | s8:70
A9 B9 [ NA | o 0035 | 0. . 0.0038 0.0181
$17-24-CER_FUEL| 1 | 3 20811 | 20811 o = 1.0 08 oo o
A0 | B10 | c10 | D10 [ E10 | NA | 0.0035 | 0.0032 | 0.0028 | 0.0038 | 0.0043| nA | 00177
A1 | B11 [ c11 [ o1t [ E1t | A | 00038 | 0.0032 | 0.0037 | 0.0040 | 0.0042| NA | 0.0189
A2 | B12 | C12 | D12 | E12 | NA | 00031 0.0037 | 0.003 | 0.0038 | 0.0030 | wa | 00175
Coated particle fuel dish S17-27-CER FUEL| 1 | 2 | Moly | 20611 (20809| NA | nA | NnA | na | na [ 1802 na | va | wa | wa | WA | 03283 | o328
Coated particie fuel specimen UN N ENED
st7-27-CER_FUEL| 1 | 3 20812 20812| NA | NA | NA
NA | N | A
A1} —
2% NA | NA | NA
0N y-p-i3

[=t3

3/23/28l¢
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Section 6: Acceptance for Use of As-Built Experiment Capsule
Note: This section is used to document acceptance of the as-built experiment for reactor installation and
irradiation. This section is completed after completion of Section 2. See notes for explanation of signatures.

1. List Applicable Component Identifications:

Basket ID: MFA

Sub-capsule 1.D. Target 1.D.
H25-01 (2-2-1) MFO1
H27-04 (2-2-2) MFO1
H27-03 (2-2-3) MFO1
H27-02 (2-2-4) MFO1
H27-01 (2-2-5) MFO1
H26-01 (2-2-6) MFO1
H25-02 (3-2-1) MFO2
H27-08 (3-2-2) MF02
H27-09 (3-2-3) MF02
H27-06 (3-2-4) MF02
H27-05 (3-2-5) MFO02
H26-02 (3-2-6) MFO02

2. Approvals (see notes for explanation of signature responsibilities)

(nccran Qexde 5-24-13

Lead Experimenter Lead ng (signature) Date

p -

Lead QA Lelad A (signature) D )e
L.C. SuiH EPG)M 5/25 4
RRD NQR o 4 RRD QA (signajure) Date
Greg Hot= , 5/29//,9
E&F| Staff .' E&F1 Stdff (signatu Date
N.o. {3} A L, Sler g
RRD Criticality Safety Officer RRD Criticality Safety Officer (signature) Date
FOLLER BRinn € (D {%M Z ua‘u\ 05 [m J20ig
HFIR MBA Representative HFIR MBA Representative (signature) Date
Fucier, B pipw € P\WWZ j;jj»\ ashalog
HFIR Operations (print name) HFIR Operations (signature) Date

@ NO wmGd REQureemenrs 8L




